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MinireviewTranslating Axon Guidance Cues
polyribosomes, especially within growth cones (Tenny-Oswald Steward1
son, 1970). Later in situ hybridization analyses that wereReeve-Irvine Research Center
carried out to evaluate RNA distribution in dendrites ofDepartment of Anatomy and Neurobiology
young hippocampal neurons in culture also revealedDepartment of Neurobiology and Behavior
that poly(A) mRNA and rRNA was present in axons ofUniversity of California, Irvine
young neurons, especially in axonal growth cones (Klei-Irvine, California 92697
man et al., 1994). In these neurons, mRNA disappeared
from axons as the neurons matured, so that after about
10 days in culture, mRNAs could be detected in cellRecent studies suggest that local translation of mRNA
bodies and dendrites, but not in axons. Little was madewithin axons plays a key role in two aspects of growth
of these observations because it was unclear whethercone navigation. One line of evidence implies a local
the migration of RNA into immature axons was inciden-synthesis of proteins that mediate growth cone col-
tal, reflecting the fact that the targeted transport mecha-lapse and turning in response to guidance cues; an-
nisms that mediate RNA sorting in mature neurons hadother indicates that growth cones possess the ma-
not yet developed. Only later was the idea raised thatchinery that would allow the local synthesis of
the presence of poly(A) and rRNA might indicate a ca-receptors for axon guidance cues.
pacity for local synthesis of proteins involved in axon
growth or guidance (Steward, 1997).
Evidence then began to accumulate for the presenceA New Neuron Doctrine for a New Century
of particular mRNAs in axons. Studies of sympatheticThe triumph of the neuron doctrine over the reticular
neurons in vitro revealed that the mRNA for -actin wastheory in the early part of the 20th century was based
present in axons, whereas the mRNA for -tubulin wason compelling evidence that axons and dendrites grew
detectable only in the cell body (Olink-Coux and Hollen-out from the neuronal cell body (soma). This “somato-
beck, 1996). Bassell et al. (1998) documented the selec-centric” view, epitomized by Cajal’s concept that the
tive delivery of -actin mRNA to axonal growth cones,cell body was the “trophic center of the neuron,” was
and demonstrated that this targeting was enhanced bysupported by cell biological studies that revealed ma-
treatment with neurotrophin-3 (NT3), which also pro-chinery for macromolecular synthesis in neuronal cell
moted axon growth. This study also included compellingbodies, and selective axonal and dendritic protein trans-
electron microscopic images of protein synthetic ma-port mechanisms capable of delivering proteins through-
chinery (polyribosomes) in axonal growth cones. Nextout neuronal processes. These discoveries led to a pre-
came biochemical evidence for local protein synthesisvailing view that the growth of axons and dendrites
in axons of sympathetic neurons growing in compart-depends on proteins that were synthesized exclusively
mented cultures (Eng et al., 1999), which revealed label-in the soma.
ing of both actin and -tubulin after exposure of sympa-A challenge to this view came from the discovery of
thetic axons to 35S-labeled amino acids. Together, theselocal protein synthesis within dendrites, which began
studies suggested local synthesis of certain proteins inwith the detection of polyribosomes beneath synaptic
axons, especially growth cones, but direct evidence thatsites on dendrites. Evidence accumulated that certain
local synthesis played any role in axonal or growth conemRNAs are selectively localized in dendrites and locally-
function was lacking.translated at postsynaptic sites, and that this local trans-
Local Protein Synthesis in Growth Cones:
lation plays a role in synapse growth and activity-depen-
Role in Growth Cone Navigation
dent synaptic plasticity (Steward, 1997, Steward and
Evidence that local protein synthesis within growth
Schuman, 2001). At the same time, however, the idea cones plays a functional role has now come from several
of axonal protein synthesis has remained controversial recent reports that have demonstrated that growing ax-
except in invertebrate systems (reviewed in Alvarez et ons have machinery enabling local protein synthesis
al., 2000). Now, recent studies have established the exis- and membrane insertion, that local synthesis within the
tence of protein synthetic machinery and mRNAs in growth cone plays a role in growth cone turning, and
growing vertebrate axons, especially growth cones, and that signals encountered along the route of growth are
demonstrated that this machinery and the local protein capable of inducing local protein synthesis and mem-
synthesis it allows plays a key role in growth cone func- brane insertion in specific axonal domains (i.e., distal to
tion. These findings indicate that local synthesis of par- an intermediate target).
ticular proteins may mediate rapid adjustments of the Local Protein Synthesis during Growth Cone
protein composition of cytoplasmic and membrane do- Collapse and Turning
mains, thus allowing a degree of control of axonal form As they grow, growth cones extend and retract filopodia
and function that was previously difficult to imagine. and ruffled membranes that contain molecular machin-
The Machinery for Translation in Growing Axons ery similar to the machinery at the leading edge of a
Some of the earliest electron microscopic studies of migrating fibroblast. The net direction of migration is
growing axons in vivo revealed abundant clusters of determined by where extension or retraction occurs
along the leading edge. Turning is caused by extension
on one side and collapse on the other, and this turning1Correspondence: osteward@uci.edu
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is triggered by local attractive and repulsive cues in concentrations of either chemo-attractant in the bath.
This “desensitization” disappeared within 30 min afterthe environment. Local synthesis of protein, particularly
actin, is important for controlling migration in fibroblasts, removing netrin-1 from the bath, and resensitization was
blocked by protein synthesis inhibitors. Ming et al. (2002)and the work of Bassell and colleagues suggests that
the same mechanism might operate in growth cones. also found that protein synthesis inhibitors not only
blocked chemotactic turning toward a Netrin-1 source,Direct evidence that growth cone turning depends on
local protein synthesis has now come from studies of as shown by Campbell and Holt (2001), but actually
caused axons to turn away (reverse turning). Based onchemotropic responses of growth cones of Xenopus
retinal ganglion cells (Campbell and Holt, 2001). Sema3A these findings, Ming et al. (2002) suggest that inhibition
of protein synthesis within the growth cone disrupts theis repulsive to retinal ganglion cell axons, as demon-
strated in standard collapse and turning assays. When resensitization/adaptation process rather than the initial
turning responses. The idea is that a chemotropic mole-Sema3A is added to the medium in which retinal axons
are growing, the growth cones collapse. When growing cule triggers a signal transduction cascade that causes
desensitization and also launches the processes thataxons are exposed to a local source of Sema3A, the
axons turn away from the Sema 3A source. Campbell lead to resensitization. To explain reverse turning, Ming
et al. propose that the desensitization process is maxi-and Holt (2001) found that both collapse and repulsive
turning were blocked by protein synthesis inhibitors. In mal on the side of the growth cone nearest the source,
and that blockade of resensitization by protein synthesisthe turning assay, the axons continued to grow in the
same direction as they had before encountering the inhibitors causes the growth cone to extend away from
the side on which the desensitization process is maxi-Sema3A gradient, indicating that repulsive turning was
blocked, but growth itself was not. Importantly, the mal, causing repulsion.
There seem to be two key differences in interpretationblockade of collapse and turning by protein synthesis
inhibitors was also seen in growth cones that had been between Campbell and Holt (2001) and Ming et al. (2002).
The first is whether exposure to guidance cues triggersseparated from their cell bodies, demonstrating that the
key protein synthetic events occurred locally in the protein synthesis, or whether it is ongoing synthesis
that is critical. Campbell and Holt (2001) demonstrategrowing axon.
Protein synthesis inhibitors also blocked the attractive translational activation, but it remains possible that this
burst is not essential (that is, that turning might stillturning response normally seen when retinal growth
cones from young embryos (stage 24) were exposed to occur with basal levels of translation). Ming et al. (2002)
show that ongoing synthesis is necessary for adapta-a gradient of netrin-1, and also the repulsive turning
induced by netrin-1 when neurons were grown on lami- tion, but their studies do not exclude the possibility that
exposure to guidance molecules also triggers a burstnin. Together, these results indicated that local protein
synthesis within the growth cone is essential for both in synthetic activity.
The second difference in interpretation is whether pro-repulsive and attractive guidance mechanisms, regard-
less of the exact extracellular stimulus that induces the tein synthesis is an integral part of the mechanism
through which turning occurs, or whether turning de-collapse or turning response. In this way, local protein
synthesis could be part of the final common path for pends on the availability of recently synthesized pro-
teins. The distinction can be seen by considering thethe action of chemo-repellents and attractants.
Campbell and Holt (2001) also found that exposure to different ways that cytoskeletal structures may be as-
sembled. Certain cytoskeletal components may be as-Sema3A or netrin-1 triggered a burst of protein synthesis
within growth cones, as evidenced by a rapid phosphor- sembled “cotranslationally,” so that subunits are assem-
bled into structures as the nascent protein is rolling offylation of the elongation factor eIF-4E, and increased
incorporation of labeled amino acids. The increases in the ribosome. With this mechanism, assembly would
be blocked by inhibiting protein synthesis. For otherprotein synthesis in response to a chemotropic signal
occurred rapidly (within 10 min), which is fast enough cytoskeletal structures that are assembled very rapidly
(the acrosome, for example), assembly requires thethat newly synthesized proteins could actually play a
role in the turning response. presence of a pool of monomeric actin. If this pool was
derived from local protein synthesis, synthesis and as-One paradox is that protein synthesis is important for
both collapse (a deconstruction of the growth cone) and sembly would not be directly linked, and assembly could
continue for a short time in the absence of new synthesisturning toward netrin-1 (a positive response). A role for
local protein synthesis in growth toward an attractant until the available pool was used up. The finding that
protein synthesis inhibitors blocked turning (Campbellis consistent with the idea that local synthesis is impor-
tant for extension of the growth cone. What role new and Holt, 2001) would be consistent with a cotransla-
tional turning mechanism, but would not exclude theprotein synthesis plays in growth cone collapse remains
to be established, but the opposite responses to netrin-1 possibility that turning required a pool of recently syn-
thesized proteins that was rapidly depleted. The findingindicate that particular extracellular signals can be
“translated” in different ways. that protein synthesis inhibitors blocked resensitization
(Ming et al., 2002) would be consistent with the idea thatA somewhat different role for local protein synthesis
was suggested by studies that revealed adaptation of turning required a pool of recently synthesized proteins.
Indeed, both may be correct; local synthesis could beXenopus spinal neuron growth cones to the chemo-
attraction produced by gradients of netrin-1 and BDNF important for both initial turning and resensitization, and
in either case, the proteins that are locally synthesized(Ming et al., 2002). The main finding was that attractive
turning of the growth cone toward a netrin-1 or BDNF could be used directly for the turning response (for ex-
ample, in the assembly/disassembly of the cytoskeletalsource was attenuated by the presence of background
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Figure 1. New Functions Revealed for Or-
ganelles in Growth Cones
The figure is a schematic of organelles that
have been seen in growth cones of neurons
in vitro (see, for example, Bassell et al., 1998).
elements that mediate growth cone extension and col- ants and gain responsiveness to a new set of guidance
cues so that the axons grow longitudinally toward thelapse).
Protein Synthesis at the Turning Point brain (Stein and Tessier-Lavigne, 2001). If the change
in responsiveness was mediated by a local synthesis ofA different role for local protein synthesis in axonal
growth cones is suggested by the work of Brittis et al. key receptors, then the prediction was that there should
be a spatially restricted upregulation of receptor synthe-(2002), who document the existence of a mechanism
that could allow the local synthesis of membrane recep- sis just after growing commissural axons reached the
midline.tors for axon guidance molecules. When growing over
long distances, axons follow routes that are marked by To test this prediction, Brittis focused on the EphA2
receptor, which is encoded by a relatively short mRNAintermediate targets, much like the piles of stones that
mark wilderness trails (Tessier-Lavigne and Goodman, with a 3UTR that contains a highly conserved, 67 nucle-
otide segment and a CPE consensus sequence that1996). In each segment of the trail, axons are guided to
the intermediate target by local attractive and repulsive could mediate cytoplasmic polyadenylation. The CPE is
of particular interest because it is part of a mechanismcues. After reaching the intermediate target, axons must
grow on, and so have to adopt a new trajectory. To do underlying translational repression/derepression of lo-
calized mRNAs in developing organisms (Richter, 1999).this, axons have to change their responsiveness to the
cues that guided them to the intermediate target in the When commissural neurons were transfected with con-
structs made up of the 3UTR of EphA2 and a fluorescentfirst place. Responsiveness to attractive and repulsive
cues is mediated by specific membrane receptors, and reporter protein (GFP), protein expression was seen in
the cell bodies of commissural neurons, but not in proxi-the change in responsiveness is thought to occur as a
result of a change in either the complement of receptors mal segments of the axons prior to midline crossing. In
contrast, the protein was expressed at high levels in theon the axonal growth cone or a change in their mode
of action. In thinking about this issue, it is important to distal segments of the axons that had extended beyond
the midline, suggesting an upregulation of expressionkeep in mind that the change in receptor function must
occur locally (at the growth cone) and in a very precise in distal axon segments after midline crossing. Introduc-
tion of constructs without the CPE produced labelingtime frame (immediately after the growing axon has
reached the intermediate target); these two facts raise all along the axon, whereas constructs with the CPE
produced labeling only in the segment of the axon thatthe possibility that a different complement of receptor
molecules are locally synthesized when the axon had crossed the midline. Together, these results indi-
cated that translation of the reporter was selectivelyreaches the intermediate target.
To explore the possibility of local synthesis of receptor activated in the distal segment of the axon after midline
crossing, and that this translational activation dependedmolecules, Brittis et al. (2002) first demonstrated that
growing axons possess all the machinery necessary for on the CPE.
The finding that reporter constructs including theboth local protein synthesis and also membrane inser-
tion (which would be required if there were local synthe- 3UTR of EphA2 mRNA were translated locally within
the segment of the axon that had crossed the midlinesis of receptors for guidance molecules). Then, to assess
whether local synthesis of membrane receptors oc- raises a host of new questions (Figure 1). The growing
axons clearly contain all the machinery that is necessarycurred as growing axons reached an intermediate target,
Brittis et al. turned to the well-characterized example of for local protein synthesis and membrane insertion, but
what organelles are responsible for this synthesis andthe growth of spinal commissural axons. These axons
grow initially toward the midline floor plate in response assembly? Is translational activation seen with the
mRNAs for other receptors that play a role in guidingto attractive guidance cues. After crossing the midline,
the axons lose their responsiveness to midline attract- commissural axons, and is this also dependent on the
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CPE sequence? Is this spatially restricted translation protein synthesis in growth cones brings to mind previ-
seen with all mRNAs that contain a CPE? If so, this ous observations that certain axons in mature animals
would imply a lack of specificity that would be difficult have the unique characteristic that they also contain
to reconcile with the proposed model in the absence of mRNAs for odorant receptors (Ressler et al., 1994; Vas-
some other mechanism. Are the mRNAs for a variety of sar et al., 1994). This is of interest because olfactory
receptors present at all times in the growing axons, or axons regenerate continuously throughout the animal’s
is mRNA transport regulated so that different mRNAs life as olfactory neurons die and are replaced. The pres-
are present at different times in the life history of the ence of mRNAs may be a reflection of this ongoing
growing axon? regeneration.
If receptors for guidance cues are locally synthesized, The idea that axonal transport of mRNA may be reini-
this would provide a potential mechanism for the modifi- tiated during axonal regeneration is also supported by
cation in responsiveness to guidance cues when axons the observations of Zheng et al., (2001), who show that
reach intermediate targets in the course of long-dis- regenerating axons of adult dorsal root ganglion cells
tance navigation. One can imagine a scenario in which and spinal motoneurons contain ribosomal proteins,
one set of receptors are expressed until growing axons translation initiation factors, and rRNA. Axons of dorsal
reach intermediate point A; signals from point A then root ganglion cells that have been induced to regenerate
trigger the translation of mRNAs for a different set of by a conditioning lesion also contain mRNAs for action
receptors which are critical to guiding the axon to the and neurofilament protein, and blocking protein synthe-
next intermediate station, and so forth until the axons sis within these axons causes growth cone retraction.
reach their targets. One can only speculate at this point Together, these findings suggest that local protein syn-
whether target-derived signals trigger another round of thesis is a critical factor in successful axon regeneration.
translation of mRNAs that are critical for the elaboration If this is true, elucidation of the mechanisms of mRNA
of the presynaptic terminal and contact zone. Of course delivery into axons may lead to new approaches to trig-
the new findings, elegant as they are, only demonstrate ger axonal regeneration in systems that are otherwise
the existence of a translational mechanism; still missing incapable.
is definitive proof that disrupting local synthesis would
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A New Target for Manipulations to Enhance Axon
Regeneration?
It will be extremely interesting to see if all of this new
information can be “translated” into new approaches to
enhance axon regeneration/growth in mature animals
after injury. The new information on the role of local
